The sensory capacity of bacteria and macroalgae (seaweeds) is limited with respect to many modalities (visual, auditory) common in ''higher'' organisms such as animals. Thus, we expect that other modalities, such as chemical signaling and sensing, would play particularly important roles in their sensory ecology. Here, we discuss two examples of chemical signaling in bacteria and seaweeds: (1) the role of chemical defenses and quorum-sensing (QS) regulatory systems in bacterial colonization and infection of the red alga Delisea pulchra and their ecological consequences, and (2) the regulation of dispersal and differentiation by nitric oxide (NO) in bacterial biofilms. Consistent with the goals of neuroecology, in both cases, we investigate the links between specific signal-mediated molecular mechanisms, and ecological outcomes, for populations or assemblages of bacteria or seaweeds. We conclude by suggesting that because of the fundamental role played by chemical signaling in bacteria, bacterial systems, either by themselves or in interactions with other organisms, have much to offer for understanding general issues in neuroecology. Thus, further integration of microbiology with the biology of eukaryotes would seem warranted and is likely to prove illuminating.
Introduction
Sensory signals have effects on organisms at all levels of the biological hierarchy, ranging from the molecular details of cellular signal transduction to ecosystem-level effects such as the cascading of dimethylsulfide (DMS) through multiple trophic levels in the ocean (Nevitt 2008 ). An important goal of neuroecology-or, more broadly, sensory ecology-is to understand how (or if) signalmediated physiological and molecular mechanisms translate into effects at the ecological levels of populations, communities, and ecosystems, and vice versa. This goal reflects a long-standing issue in biology, namely: do effects at one end of the biological hierarchy (molecules, genes, cells) result in predictable or consistent effects at higher levels such as communities or ecosystems (e.g., the HERMES project http://www.esd.ornl.gov/PGG/HERMES/index .html) (Whitham et al. 2006; Kraiser et al. 2011) .
A key to this question is the term ''predictable'' as it is not surprising that molecular and cellular processes in general translate into ecological outcomes. Indeed, as all organisms ultimately function via molecular processes, the relationship is inevitable, if not tautological. However, the question of whether signal-mediated processes at the molecular level have predictable, emergent effects at higher ecological levels is a more interesting one, and one which is by no means resolved in any general sense.
The present article explores these issues for the interaction between bacteria and seaweeds, and for bacterial biofilms. Both groups of organisms are ''brainless'' and ''nerveless'', and thus fit poorly into strict definitions of neuroecology. However, chemical mediation of interactions at many levels plays a critical role for bacteria and for seaweeds. The importance of sensory ecology (Amsler and Fairhead 2006) and chemical ecology (Hay 2009) are well established for seaweeds, and the signalmediated bacterial process known as quorum sensing (QS) has been one of the most active areas of research in environmental microbiology over the past 15 years (Winans and Bassler 2002) . Among other effects, QS often plays a critical role in the interaction between bacteria and higher organisms, including the regulation of virulence in pathogens.
Bacteria would seem to be a particularly useful group of organisms in which to explore signalmediated interfaces between molecular and ecological events. Indeed, to many microbiologists, the question ''Do molecular events translate into ecological phenomena?'' is intrinsically problematical, as they are viewed as fundamentally intertwined. Certainly the link between molecular mechanisms and ecological outcomes is well described for many microbial processes, such as the genetic and regulatory pathways underlying the nitrogen and carbon cycles, or other fundamental transformations of matter on the planet.
A second goal of this study is, in the context of sensory ecology, to explore the extent of congruence between the ecology of bacteria and higher organisms, and to ask: ''how can the sensory ecology of bacteria inform that of eukaryotes, and vice versa?'' Unfortunately, microbial ecology and the ecology of plants and animals have-for most of their respective histories-progressed along separate paths, decoupling studies of the ecology of the major groups of organisms on the planet. The two fields have taken different approaches to ecology, with environmental microbiology being strongly empirically and methodologically driven and eukaryotic ecology richer in overall concepts, modeling, and theory. In the past few years, particularly as modern sequencing methods and genomics have come to the fore, there has been the beginnings of a merging of these two fields with studies of diversity theory and community ''assembly'' (Sloan et al. 2006 (Sloan et al. , 2007 Burke et al. 2011) , keystone predation (Peterson et al. 2008 ), effects of spatial heterogeneity (Boles et al. 2004; Costerton 2004) , and landscape ecology (Singer et al. 2006) in microbial systems. This integration, however, is still in its infancy. Thus, we have little idea (for example) whether most of the ecological theories generated from eukaryotic ecology apply to the microbial world, the greatest source of biodiversity on the planet (Pedros-Alio 2006) .
Below, we develop these themes in the context of two systems: (1) chemical defenses against bacterial disease in seaweeds, and (2) dispersal, variation, and diversity in bacterial biofilms, and also draw briefly on other examples of molecular/ecological linkages in these systems. We suggest that a fuller integration of environmental microbiology and eukaryotic ecology is overdue in the area of sensory ecology and in other ecological subdisciplines. Such integration is no longer hindered by methodological constraints, and both sides stand to benefit enormously by incorporating such ''macro-micro'' interactions into experimental hypotheses and investigations.
Disease, environmental change, QS, and seaweed/bacterial interactions An obvious place in which to look for integrating the sensory ecology of eukaryotes and microbes is in interactions between the two as, e.g., in host-pathogen interactions. The manifestation of disease typically results in observable, macroscopic changes in the host. Such impacts can have important ecological consequences, potentially including the disappearance of entire populations of habitat forming organisms over large spatial scales, e.g., seagrass wasting disease (Robblee et al. 1991; Short and Neckles 1999) . When such habitat-forming organisms are affected by disease to such an extent, the follow-on effects of the loss of habitat can be catastrophic on an ecosystem scale. Given that the frequency and severity of disease in natural systems appears to be increasing, (Lafferty et al. 2004; Harvell et al. 2009; Harvell and Hewson 2010) and that this increase has been linked to global climate change (IPCC 2007) and urbanization (e.g., Airoldi and Beck 2007) , understanding the effects of disease and the influence of environmental change on disease dynamics in natural systems is very topical. Environmental effects on disease dynamics are likely to be complex, with potential changes both to hosts and pathogens and to the way in which signals mediate the interactions between them. In order to more fully understand the effects of environmental change on seaweed/bacterial interactions and disease, we need to gain a better understanding of the molecular cross-talk that occurs between these hosts and their pathogens.
Signals and host-pathogen interactions
Broadly, both endogenous and exogenous chemical signals play critical roles in the progression of disease and in hosts' responses. For a pathogen to infect a host, it must first recognize and attach itself to the host, invade target tissues, then infect, and multiply within the host's cells. These phenomena are best known for diseases of humans or other vertebrates, and in humans each of these steps is typically signal-mediated and at each step, signal-mediated defenses of the host also attempt to stop the infection, e.g., by the chemokine-mediated production of leukocytes and specific antibodies. Environmental factors broadly affect these interactions and, as an example, temperature often plays a critical role in modulating disease. This can occur through either temperature-regulated virulence (e.g., most strains of Shigella are innocuous at 308C but become virulent at 378C) (Maurelli and Sansonetti 1988) , or through modulation of the host's defenses, such as through an increase in stress in the host, e.g., in frogs (Raffel et al. 2006 ). The expression of virulence genes is affected by increased temperature in a broad range of bacterial pathogens (Konkel and Tilly 2000; Klinkert and Narberhaus 2009) .
Signal-mediated infection and defense of diseases of terrestrial plants are also well known, and disease can have widespread effects on populations, communities, and ecosystems through the death of habitat-forming trees and other plants (Gibbs 1978; Brasier 1986 ). When pathogens attack plants, elicitor molecules released by damaged host cells and/or invading pathogens induce rapid, local responses from the plant (Nair 1993) , such as the oxidative burst (Lamb and Dixon 1997) . During this ''hypersensitive response'', reactive oxygen species cause necrosis of cells and tissues in affected areas, thus sacrificing parts of the plant but containing the infection (Feys and Parker 2000) . Such localized defenses are often followed by the production of phenolic signaling molecules (e.g., salicyclic acid), resulting in a state of heightened defense throughout the plant known as systemic acquired resistance. Temperature again plays an important role in mediating plantpathogen interactions, such as through its effects on chemical defenses (reviewed by Bidart-Bouzat and Imeh-Nathanie 2008).
Seaweeds, diseases, and signaling
Marine organisms are persistently exposed to high densities of potentially pathogenic microorganisms in seawater (Reinheimer 1992 ) and water-borne diseases are often particularly severe (Ewald 1994) . However, outside of the context of mariculture, the causal agents or almost any other details of infection of seaweeds are relatively unknown, though there are exceptions (Correa et al. 1994; Littler and Littler 1995; Campbell et al. 2011a; Case et al. 2011) . A better understanding of the mechanisms and impacts of disease on seaweeds in natural communities is crucial, given that seaweeds are the dominant habitat-forming organisms of temperate rocky reefs. Moreover, given the importance of signal-mediation in terrestrial plants (above), we may expect chemical signals to be similarly important in modulating the effects of disease in marine macrophytes.
To date, the best investigated example of signalmediated host-pathogen in seaweed interactions is the oxidative burst response (Lamb and Dixon 1997) . This receptor-mediated immunity against pathogenic or cell-wall degrading microbes, fungi, and microalgae, results in the production of reactive oxygen species (ROS) such as superoxide ions (O 2 -), hydrogen peroxide (H 2 O 2 ), or hydroxyl radicals (OH) (Delledonne et al. 2001; Torres and Dangl 2005) . It is a widespread inducible mode of defense in all vascular plants and, as the name suggests, quickly mitigates pathogens and their toxins due to the strong oxidizing potential of ROS.
While so far, no macroalgal receptor has been isolated or characterized for a particular pathogen, there is clear evidence from in vitro assays that microbe-associated molecular patterns (MAMPS), or microbe-induced molecular patterns (MIMPS) (Mackey and McFall 2006) transcribe this information. These molecular patterns are either the major components of the outer cell envelopes of Gram-negative and -positive bacteria (lipopolysaccharides and lipoteichoic acids) (Meyer et al. 2001; Erbs and Newman 2003; Kuepper et al. 2006) , or are breakdown products of macroalgal cell walls due to enzymatic (glucohydrolytic) activities of pathogens (Weinberger et al. 1994 (Weinberger et al. , 2005 Kuepper et al. 2001 Kuepper et al. , 2006 . After the perception of MAMPs or MIMPs, the oxidative burst response is mediated by the flavoenzyme NADPH oxidase located in the plasma membrane of the algal host (Weinberger et al. 2005) . Parallel to the activation of NADPH oxidase, key enzymes and hormones involved in the biosynthesis of algal defense compounds have been observed in macroalgae (Bouarab et al. 2004 ). These signaling cascades result, e.g., in the biosynthesis of phlorotannins (a group of polyphenolic defense compounds) (Arnold et al. 2001; Pohnert 2004) .
Delisea pulchra, bleaching, and QS
Delisea pulchra is a chemically defended seaweed common on subtidal reefs from temperate Australia to Antarctica. It produces secondary metabolites known as halogenated furanones (de Nys et al. 1993) , which inhibit bacterial pathogens of mammals (Hentzer et al. 2003b) , plants, and crustaceans (Manefield et al. 2000) , in part through specific inhibition of their cell-to-cell QS (see below) signaling systems.
Natural populations of D. pulchra on the coast of New South Wales, Australia undergo seasonal bleaching, which in affected individuals is characterized by a reduction in concentrations of photosynthetic pigments and halogenated furanones. Bleaching is more common in summer when water temperatures are high (Campbell et al. 2011a ), but is not well correlated with increases in photosynthetically active radiation or ultra-violet (UV) irradiation. Levels of halogenated furanones are negatively correlated with the incidence of bleaching in D. pulchra. The production of these secondary metabolites is metabolically costly (Dworjanyn et al. 2006 ) and thus exposure to ''stressful'' conditions (e.g., high temperatures) may decrease or suppress the production of halogenated furanones and increase the susceptibility of D. pulchra to bacterial pathogens.
We demonstrated the effects of furanones on bleaching in situ by inhibiting the production of furanones experimentally and exposing undefended algae in the field to microbes in the seawater (Campbell et al. 2011a ). Levels of bleaching in chemically undefended algae were much higher than in defended control algae, which only had no or low levels of bleaching. A similar bleaching response was observed in laboratory experiments in which undefended algae were exposed to a putative bacterial pathogen (Ruegeria sp. R11) (Case et al. 2011) . In these and related experiments, bleaching was more common and severe when temperatures were also elevated (Campbell et al. 2011a; Case et al. 2011) .
Bleaching of D. pulchra is also associated with shifts in microbial assemblages attached to algal surfaces-a common occurrence in the progression of marine diseases (e.g., Frias-Lopez et al. 2002; Pantos et al. 2003) . In D. pulchra, microbial shifts occur prior to visible bleaching but after detectable decreases in furanone concentrations (Campbell et al. 2011a ).
Bleaching of D. pulchra has significant consequences for the individual, the population, and the food web. Bleached individuals are smaller than healthy conspecifics, suggesting that they grow more slowly, and/or lose biomass as a result of bleaching. Furthermore, bleached individuals are significantly less fecund than are healthy conspecifcs (roughly by a factor of 10), with fewer fertile tetrasporangia per gram and fewer fertile tips than healthy algae (Campbell 2011; Campbell et al. 2011b) . Bleaching also alters the interactions of this habitat-forming seaweed with other trophic levels; algae that bleach are more likely to be used as habitat by locally-abundant herbivores and are also more likely to be consumed by these herbivores (Campbell 2011; Campbell et al. 2011b ).
This host-pathogen system is likely to be much more general than one specific pathogen (e.g., R11) infecting one specific alga (D. pulchra). Similar bleaching is observed in other species of seaweeds (A. H. Campbell, personal observation), and Case et al. (2011) found that a second bacterium (PR1B), isolated from an alga from the United States, could also infect and bleach D. pulchra cultured in Sydney, Australia. Furthermore, seven phylogenetically distinct bacterial strains isolated from bleached D. pulchra infected and caused bleaching in undefended algae in laboratory assays (Fernandez 2011) . Importantly, genomic evidence indicates that these seven pathogens have QS regulatory systems (Fernandez 2011) . Evidence that these putative pathogens of D. pulchra have QS genes provides a potentially strong link between molecular mechanisms and ecological outcomes for the Delisea-bacterial disease system.
QS regulatory systems are used by a range of bacteria to control the expression of genes at the colony, population, or even community level (through cross talk among species). One of the best known of these systems is based on the enzymatic production and release of small autoinducer molecules, acylated homoserine lactones (AHLs) (Fuqua and Greenberg 2002; Winans and Bassler 2002) . When the extracellular AHLs reach a certain threshold concentration, they bind to the cognate receptor, LuxR, or its related homologues. This receptor protein also functions as a transcription factor and can induce the expression of target genes (Fuqua and Greenberg 2002; Winans and Bassler 2002) . By coupling an extracellular signal with gene expression, the bacteria are able to control gene expression in such a way that the majority of the population express the same phenotype simultaneously. The range of effects of bacterial QS are incredibly broad, including production of exoenzymes for the scavenging of nutrients, mediating defensive responses, biofilm formation , and regulating the phenotypes of symbionts. This later effect is particularly well understood in the mutualistic association of Vibrio fischeri with the Hawaiian bobtail squid, Euprymna scolopes. QS regulatory genes are necessary for the normal persistence of this symbiosis (Visick et al. 2000) .
Importantly, in this context, QS also plays a crucial role in regulating bacterial traits associated with infection, expression of virulence factors, and the formation of biofilms in a wide variety of plant, animal, and human diseases; examples of the bacteria involved include Vibrio harveyi (prawns) (Manefield et al. 2000) , Vibrio anguillarum (fish) (Rasch et al. 2004) , Pseudomonas aeruginosa (plants, insects, and humans) (Hentzer et al. 2003b ), Burkholderia spp.
(plants and humans) (Huber et al. 2001) , Erwinia carotovora (plants) (Mukherjee et al. 1997) , and Serratia marcescens (humans) (Eberl et al. 1996) .
Given the widespread role of QS in pathogenicity and disease, a number of authors have proposed that potential hosts should evolve to produce compounds that specifically interfere with QS and thereby defend themselves from colonization and infection by bacteria (Bauer and Teplitski 2001; Hentzer et al. 2003b; McDougald et al. 2007) . Indeed, this is the strategy used by D. pulchra in defending itself from pathogenic bacteria, whereby the alga produces halogenated furanones (reviewed by de Nys et al. 2006 ) that are structurally similar to the bacterial QS signal molecules, AHLs (Manefield et al. 1999 ). These furanones specifically interfere with the binding of the QS molecules to the bacterial receptor (Manefield et al. 1999 ) and thus inhibit the expression of QSregulated genes [e.g., biofilm formation (Maximilien et al. 1998 ) and virulence (Manefield et al. 2001) ].
Not surprisingly, QS is common in the marine environment. A number of free-living and invertebrate-associated marine bacteria fromand -proteobacterial groups produce AHLs (Cicirelli et al. 2008) . For example, bacteria associated with a range of sponge species have been shown to produce AHLs (Taylor et al. 2004) as have marine biofilms (Joint et al. 2002) . Likewise, the inhibition of AHL-mediated QS appears to be common in the marine environment. In a study examining 284 extracts of sponges, corals, and algae, 23% had AHL-inhibitory activity (Skindersoe et al. 2008 ). These data indicate that the co-evolution of bacteria and higher eukaryotes has likely resulted in numerous examples of QS and QS antagonism in these organisms (e.g., Dobretsov et al. 2009 ).
Examples of eukaryotic hosts that, like D. pulchra, produce metabolites that interfere with bacterial QS are not limited to the marine environment, and examples have been isolated from food, fungal, plant, and herbal sources (Rasmussen et al. 2005; Bjarnsholt and Givskov 2007) . In particular, extracts from garlic have antiQS activity and have been shown to reduce virulence in a nematode infection model (Rasmussen et al. 2005) . The roots of Medicago truncatula have multiple QS-active compounds (Teplitski et al. 2000) . Even fungi, which may be commensals on plants, have been shown to produce QS-inhibiting compounds (Rasmussen et al. 2005) . Thus, it is clear that QS antagonists have evolved in a broad range of hosts that interact in nature with bacteria.
The importance of QS systems in bacterial disease and virulence in general and the ever-increasing examples of QS systems in bacterial genomes and identification of QS-inhibiting compounds in their hosts suggest that our specific findings for the D. pulchra/bacteria system (Fig. 1 ) will be common for many systems in the marine environment. That is, signal-based QS systems are likely to be a crucial way in which molecular mechanisms can be translated via virulence phenotypes into ecological effects on hosts' populations and beyond into interactions with other trophic levels and ultimately throughout an ecosystem. This suggests that, as for D. pulchra, QS antagonists in other hosts should be common (Dobretsov et al. 2009 ). The dependence of these interactions on environmental factors, such as increasing temperature, is less clear. However, to the extent that stress diminishes hosts' defenses, as for furanones and D. pulchra, this should facilitate an increase in the impacts of disease. In this context, an interesting area for further research is exploration of the temperature dependency of QS-regulated virulence.
Development, dispersal, and nitric-oxide signaling in bacterial biofilms
Most bacteria in the environment are now thought to occur in biofilms, which are surface aggregations of bacterial cells embedded in an extracellular matrix. Their biology is typically quite distinct from that of planktonic cells [see volume by Kjelleberg and Givskov (2007) for reviews of the biology and ecology of bacterial biofilms]. Biofilms are analogous to multicellular, eukaryotic organisms in a number of ways, including that they are collections of cells that function in relationship to one another, based on signalmediated communication between cells (Hentzer et al. 2003a; Landini et al. 2010) . Thus, biofilms are suitable test systems for exploring the interface between eukaryotic and prokaryotic ecology.
Biofilm life cycles
Biofilms are essentially sessile, and single-species biofilms are clonal, derived from the asexual replication of cells. Thus, they are modular in the same sense as clonal marine invertebrates such as corals, bryozoans, colonial ascidians, and many others. One particularly striking analogy between clonal invertebrates and biofilms is the presence of a predictable developmental program in which individual cells or larvae colonize a surface, develop into a sessile colony, and then produce differentiated, dispersive propagules which then colonize new surfaces, thereby completing the life cycle. These ''life cycle'' stages occur with predictable changes in morphology, gene expression, and physiology over time. Such life histories are well known for marine invertebrates, but only in recent years has it become evident that they are common in biofilms as well ( Fig 2) . As is the case for marine invertebrates, the dispersal phase of the biofilm life cycle generates propagules, which can disperse away from the maternal colony and colonize new habitats. Importantly, these dispersers are also associated with the generation of variation within the colony (Boles et al. 2004; Kirov et al. 2007; Koh et al. 2007 ), in the same way that sexually produced, dispersive larvae are a source of variation for an otherwise asexually replicating coral colony.
These dispersers are typically differentiated, and are produced through a process that is distinct from the passive release of cells due to detachment or sloughing that can occur as a biofilm grows into the water column, and becomes exposed to higher sheer forces as it escapes the boundary layer. Thus, the process of active dispersal is analogous to the release of motile dispersal propagules from clonal eukaryotes. The production of differentiated dispersal cells from the biofilm colony is a regulated process, responding to environmental cues and subject to control by endogenous signaling pathways. Environmental cues that initiate dispersal and differentiation may be external to the biofilm (e.g., the presence of a predator or of toxic compounds), or be internal cues such as nutrient limitation, or the build up of ROS within the biofilm (Sauer et al. 2004; Thormann et al. 2005; Barraud et al. 2006; Schleheck et al. 2009 ). Following exposure to cues, it appears that dispersal is then regulated via molecular mechanisms that are comprised generally of perception of the cue or stress by a receptor followed by an intracellular signal cascade that results in up-regulating those genes required for a bacterium to degrade the binding extracellular polymeric substances (EPS) that give the biofilm its coherency to become motile and to swim away from the colony (Landini et al. 2010) .
Nitric oxide and dispersal from biofilms
One signaling molecule that plays a key role in initiating dispersal from biofilms is nitric oxide (NO) Fig. 1 A model for bacterial-induced bleaching of D. pulchra, integrating environmental stressors, molecular mechanisms, and effects at the level of individual thalli and algal populations. We propose that (A) under suboptimal environmental conditions, algal chemical defenses (furanones) decrease and surface-associated microbial communities begin to change in composition and virulence, leading to bleaching (B). Bleaching has ecological consequences for this seaweed, leading to a decrease in fecundity and an increase in grazing on the alga (C). Underlying this, for at least some pathogens, is QS-regulated virulence, which increases the ability of opportunistic pathogens to attack the algae when QS-blocking furanones are depleted (D). (Barraud et al. 2006) . NO plays an important role in the regulation of a wide range of physiological processes in plants and animals, but the role of NO signaling in controlling the biofilm lifecycle is a recent discovery. The development of a biofilm results in the death of a subpopulation of cells at the time of dispersal and this autocidal activity is genetically regulated, as opposed to cell death that occurs due to lack of nutrients and/or accumulation of toxic wastes. One consequence of reduced oxygen concentrations in the interior of the biofilm is the induction of the denitrification pathway in cells located in the interior. Nitrate reductase, encoded by nirS, generates NO as a by-product and the accumulation of NO at low levels in the biofilms induces dispersal. Exposure of bacteria to NO leads to changes in the concentration of the intracellular signaling nucleotide, cyclicdi-guanosine mono-phosphate (c-di-GMP) ). The c-di-GMP concentrations are controlled by the activity of proteins that either make (guanylate cyclases), or degrade (phosphodiesterases) c-di-GMP, and these are presumed to be activated by the NO sensor or subsequent signal cascade. This is again similar to the function of NO in mammalian systems, in which NO alters the intracellular pool of cyclic GMP (cGMP) to alter gene expression and activity. It now seems clear that NO acts as a signal for bacteria in the interior of the biofilm to disperse which, in turn, is associated with the generation of dispersal variants and the subsequent colonization of new niches.
It is particularly interesting to note that NO has been linked to a pattern of cell death that is reminiscent of the programmed cell death in plants that occurs as a consequence of the hypersensitive response when exposed to pathogens (Clarke et al. 2000; Neill et al. 2002 Neill et al. , 2003 . The effects of NO on biofilms are also concentration dependent. At low concentrations of NO, biofilms disperse, whereas, when NO concentrations are high, presumably at toxic levels, formation of biofilms is enhanced. A similar biphasic response to the concentration of NO has also been reported in plants; tomato, lettuce, and pea plants exhibit stimulation of growth at low NO concentrations and inhibition of growth at high concentrations (Hufton et al. 1996; Leshem and Haramaty 1996) . Thus, there are clearly conserved signaling pathways shared by both bacteria and eukaryotes that affect multicellular activities and signaling pathways.
Consequences of signal-mediated development and dispersal in biofilms
The generation of differentiated dispersal cells from biofilms via the NO signaling cascade has a number of ecological consequences that are associated with the development of genetic variation at the time these dispersers are generated. This association of variation with dispersers appears common to the production of biofilm dispersers, whether induced by the NO pathway or by other mechanisms, e.g., bacteriophage-mediated dispersal in P. aeruginosa ), and again is analogous to the sexually generated variation that occurs via the production of dispersive gametes or larvae by marine invertebrates. These variants differ in a number of Fig. 2 The life cycle of a bacterial biofilm, in which (i) the mature, surface-associated, sessile biofilm undergoes cell death resulting in the formation of hollow colonies leading to, (ii) active release of individual, free-swimming, planktonic dispersal cells, (iii) passive shedding of aggregates of cells (e.g., through the action of hydrodynamic shear on the biofilm surface) can also occur. Ultimately, dispersal cells (iv) identify and attach to surfaces and reinitiate development of a biofilm through standard cell division.
key traits associated with colonization or with the subsequent growth of the biofilm. For example, variation in dispersal cells harvested downstream from biofilms of S. marcescens grown in flow cells were first detected when they were replated, and grew to form small colony variants (SCVs) or mucoid colony types, which were distinct from the parental biofilm (Koh et al. 2007 ). These cells would have undergone dozens of generations to form these colonies, and thus this variation among dispersal cells and in colony morphology is heritable. Remarkably, the morphological variation in these colonies is due to changes in a single nucleotide in one gene, etk, which regulates EPS production (K. Koh et al., submitted for publication) .
Subsequent testing of randomly dispersed isolates indicates that they also differ in other key phenotypic traits, such as motility, biofilm formation, QS responses, expression of virulence factors and utilization of nutrients (Deziel et al. 2001; Drenkard and Ausubel 2002) . Such variation is consistent with evolutionary models for dispersal in marine invertebrates or other eukaryotes in which the advantage of producing variable, dispersive propagules is the increased capacity to colonize spatially variable or temporally unpredictable habitats or those that are distinct from the parental environment (Bowler and Benton 2005; Ronce 2007 ). Thus, the production of variant dispersive cells initiated by NO or other dispersal pathways, from otherwise largely sessile biofilms, should enhance the persistence of these biofilms at the broader (meta) population level.
The generation of variants also enhances the performance of biofilms with respect to what is generally considered to be one of the key mortality factors faced by bacteria, grazing by protozoans. This stems from the observation that when variable dispersal cells are generated, many of them do not in fact escape the biofilm but persist within it. In some species of bacteria, the proportion of variants in the sessile biofilm relative to wild-type (WT) cells can be as high as 50%. In a series of experiments (Koh et al., submitted for publication), we exposed monotypic and multivariate biofilms to predation by the protozoan grazer Acanthamoeba castellani. Monotypic biofilms included WT colonies and biofilms derived from each variant. Multivariant bioiflms consisted of a mixture of four variants, either with or without WT cells. These biofilms were exposed to grazing for 12 days, and compared with controls of each type in which grazers were absent. All types of variants persisted in the multivariant biofilms for the duration of the experiment. Koh et al. (submitted for publication) found that multivariant biofilms (with or without the WT included) were significantly (2-to 4-fold) more resistant to grazing than were WT biofilms or biofilms comprised of individual variants grown separately. Using the analytical techniques of Loreau and Hector (2001) , we showed that this effect was not simply due to one very resistant variant, but that there was a strong ''complementarity'' effect. That is, there was an emergent effect of variant diversity on resistance to predation. This is consistent with recent observations on the effects of genotypic diversity on the performance or functioning of populations (Whitham et al. 2006) . Koh et al. (submitted for publication) have shown that these concepts can be applied to genetic diversity in biofilms. Indeed, they have arguably extended this work by quantifying the amount of genetic diversity necessary for significant emergent ecological effects, which in the case of S. marcescens is minimal; single nucleotide polymorphisms (SNPs) at one locus.
To summarize these studies of biofilm populations, fine-scale molecular events, mediated by specific cues such as NO, translate to affect significant ecological phenomena involving: (1) dispersal and (potentially) metapopulation dynamics, and (2) resistance to grazing. Our model for how these different levels of phenomena interconnect is shown in Fig. 3 .
Conclusions
The main goals of this study were to understand (1) whether neuroecology, or more broadly, sensory ecology, is a useful approach to understand chemically-mediated interactions among bacteria or between bacteria and their seaweed hosts, and (2) whether the integration of eukaryotic and prokaryotic ecology enhances our understanding of either fields. Implicit in the first goal is the hypothesis that there are strong mechanistic links between particular, signal-based, genetic or molecular mechanisms and emergent ecological phenomena at the population, community or ecosystem level (e.g., genes to ecosystems) (Seger and Brockman 1987; Stachowicz et al. 2007 ).
For the QS-based interactions that seem to underlie at least some of the pathogenic interactions between D. pulchra and marine bacteria, this would appear to be the case. QS is a remarkably widespread phenomenon among bacterial populations and communities, and we, and others (Bauer and Teplitski 2001; Manefield et al. 2001; Hentzer et al. 2003a Hentzer et al. , 2003b Bjarnsholt and Givskov 2007; McDougald et al. 2007; Rice et al. 2007) , have argued that one primary role for QS is to regulate interactions between bacteria and higher organisms, including in the context of disease. In the case of D. pulchra, this signal-based mechanism is affected both by environmental parameters (temperature, possibly UV radiation) via decreases of QS antagonists in the host, and potentially increased virulence of pathogens. Both effects have ecological consequences for seaweeds at the individual (tissue damage), population (fecundity), and broader community (interactions with herbivores) level.
The second example focused on molecular-ecological linkages in the microecological realm of bacterial biofilms. In this case, a common biological signal-NO-induces differentiation, variation, and dispersal in biofilms. We suggest that this signal-based mechanism affects subsequent colonization of habitats (via the generation of variable dispersers) and we have experimentally shown that this variation has consequences for resistance to grazing in biofilms. Like QS systems, generation of variation associated with dispersal in biofilms appears widespread among bacteria (although the signals are not always NO). Thus, the link between molecular mechanisms and ecological outcomes also appear strong for these phenomena.
Both of these examples raise the issue of the extent of congruence between the sensory ecology of bacteria and higher organisms, and whether the sensory ecology of bacteria can inform that of eukaryotes, and vice versa. Because of the relative ease of doing detailed studies on bacterial genetics (in comparison with eukaryotes), a key contribution that microbial ecology can make to understanding the sensory ecology of higher organisms is to predict ways in which Fig. 3 Development, dispersal, and formation of variants in a bacterial biofilm. (A) The biofilm's life cycle proceeds (from left to right) from attachment to mature microcolonies, at which time, signals such as NO are produced through endogenous metabolism that initiates dispersal. When the biofilm reaches high densities, the interior of the microcolonies become depleted in oxygen, which initiates anaerobic metabolism leading to an increased expression of NO synthetase (NirS) with the associated production of the signal molecule NO (B). The accumulation of NO ultimately leads to a reduction in the concentration of the intracellular signal, c-di-GMP, through the action of phosphodiesterase activity (EAL domains), inducing dispersal (B). Dispersal culminates in cell death and the formation of hollow microcolonies, with the release of high numbers of planktonic cells. At the same time, genetic and phenotypic variants are formed in the dispersing population, as well as in the biofilms (C). The dispersal population, comprised of WT cells and variants, seek out new sites, where colonization results in the establishment of either multivariant biofilms, monovariant biofilms, or biofilms consisting only of the WT (D). The development of biofilms with genetic variants, either by diversification with the mature biofilm (as in A) or through the establishment of new biofilms (as in C), has fitness consequences for the population when faced with ecologically relevant pressures, such as predation by protozoans (D).
underlying genetic mechanisms can affect ecological outcomes. One aspect of this is understanding how widespread genetic mechanisms such as QS can play a role in chemical interactions across many taxa, which gives us new tools for searching for chemically mediated interactions (e.g., by using genomic databases to search for QS homologs). These bacterial systems have also highlighted how minimal genetic changes in signal-mediated interactions can result in significant, emergent ecological changes, as in the generation of dispersal variants in biofilms, in which single nucleotide polymorphisms at one locus (the etk gene) results in emergent, ecological effects of diversity.
Eukaryotic ecology also has much to offer to microbial sensory ecology, particularly in terms of potentially unifying theories and conceptual frameworks. This incorporation of ecological theory is becoming more common in environmental microbiology, with studies of diversity theory and community ''assembly'' (Sloan et al. 2006 (Sloan et al. , 2007 Burke et al. 2011) , keystone predation (Peterson et al. 2008) , effects of spatial heterogeneity (Boles et al. 2004; Costerton 2004) , and landscape ecology (Singer et al. 2006) in microbial systems. However, this integration is still very new and is not well explored within the context of the sensory and chemical ecology microbes, where for example, the rich theory developed for the chemical ecology of plant-herbivore interactions could prove illuminating.
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